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Abstract. While ray-like s(ructurcs  in the. solar corona bavc been observcct in
while-lighl comrrapraph  anct solar dipsc  i]]lag,cs for many years, rcccnt prqy  css
using radio occultation mcasurcmcnts  have I-cvcalcd a p]c.thora of structure.s
cx(cndirrg  (0 sizes as small as 1 km - dtrcc orctcrs of ma~niludc  smaller than
dlc)sc obscrvccl in wbitc-light and eclipse. mcasurcmcnts.  Advances bavc also bc.cn
maclc in understanding (IIC  variation of lar~c-  and small-scale structures in (k
cxlcnctccl corona and the.ir organ i7.a(ion  by the kliospbcric  curl cnt slw.ct. I’his
papc.r  surnrnari~.cs (1IC latest results on tbc alorpbology  of the r)car-Sur~  solar wind
obtainccl from raclio occultation mcasurcmcmts, and tbc.ir impacl cm the planning
and conduct of a mission (c) (1)c Sun such as Solar l’robe.,

IN’I’I<{)l)IJC’1 ’I{)N

III planetary cxploraticm,  radio occultation mcasurcmcnts  carried out with
spaccmaf( radio signals have usually provklcd the first definitive global mcasurcmcnts
of planetary at mosphcrcs  that would SCL the stage for follow-on missions to observe
the atmosphere directly. Hxamplcs of this arc the radio occultation mcasurcmcnts
of Venus by the Mariner 5 fly-by mission [1] that prcccdcd  the ill situ mcasurcmcnts
by the l>ionccr  Venus pmbcs [2], and the pioneer 10 radio occult  at ion mcasurcmcnts
of Jupiter [3] before the Galileo Probe mission [4]. Radio occultation mcasurcmcnts
of the solar corona using both spacecraft signals and natural radio sources would bc
cxpcc.tcd to serve the same purpose for a mission to the Sun such as Solar Probe.

Compared with the nmasurcmcnts  of planetary atnmsphcrcs,  radio occultation
mcasurcnmnts  of the corona comprise an unusually rich data set bccausc  they cover
a wider variety of radio propagation phc.nomcna.  Conducted for over four dccadcs,
they have obscrvccl mainly density, density fluctuations, and solar wind velocity.
IXmsity has km invcstigatd  by ranging mcasurcmcnts  [5- 6]; clcnsity  fluctuations
by angular broactcning  [7], intensity scintillation [8], spectral broadcrting  [9- 10],
phase or ])opp]cr scintillation [~- 10], ancl frequency dccorrclation  mcasurcmcnts
[11 ]; and solar wind spccxt by l)ltllti~)lc-s{atio])  intensity scintillation mcasurcmcnts  -
often rcfcrrcd to as 11’S for interplanetary scintillation [ 12- 13].



I )cspi[c extensive observations, the potential of radio occultation measurements
for defining tbc global morphology of the near-Sun solar wind and paving the way
for a mission to tbc Sun bas not been rcalimd until now. ‘J’hc purpose of this paper
is to review recent a(lvanccs in tbc morphology of tbc solar corona, tbcir implications
for tbc basis and conduct of scientific exploration of tbc near-Sun solar wind by
Solar Probe, and tbcir implications fo~ prediction of adverse scintillation effects on
the Solar PJcJbc t~o)lllllllllicatiolls  link.

MC)R1)IIOI.OGY OF ‘1’111; SOI.AR CO1<ONA

A major surprise has been the pervasion of ray-like structures found in the corona
[ 14--1 6]. “J’hc fines(  structures measure about 1 km across at the Sun (SCC illustration
in };ig. 1)- tbrcc orders of magnitude smaller than the smallest filamentary structures
seen in X-ray, UV, IiUV and visible white-light images [ 17–21 ]. Quasi-stationary
small-scale. structures in the corona were first identified by the similarity in IlopJ>lcr
scintillation measurements (reflecting variations in the [imc (tcrivativc  of path-
intcgratcd  electron density) of a coronal streamer over two successive solar
rotations [14].

lividmcc  for the Jincst structures of 1 km (flux tubes) include: (1) tbc break near
1 IIY, in the povcr  spectrum of the temporal variations of path-integrated density
observed in phase scintillation mcasurcmcnts,  marking the separation bctwccn  the
]ow-frcquc.ncy  density variations due to structures and high-frequency variations
duc to convcctcd  small-scale turbulcncc,  and (2) the high anisotropy in angular
br’oadcning Imasurcnlc.rlts  indicating SCatlCrillg  that is Stronger transverse to the
magnetic field than along it [15]. ‘Ihc spatial information on density fluctuations in
the plane of tbc sky proviclcd by angular broadening measurements is crucial in
showing that the break in tbe clcnsity spectrum does not correspond to a spatial scale
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I:isure 1. IJcpic.ticm of finest coronal slructurc  which is 1 km at the Sun. Viewed from the Sun, the
radially expanding s[ruc(urc has an angular siz.c of ().3 arcscc. l;rom Iiarlh, the angular size of Ihc

1 -kin struclurc is 1.4 X 10-3 arcscc.



in tllc flow direction of the solar wind, as it would in the case of convcctcd  turbulence
[9- 10], but rather to a spatial scale transverse to the magnc[ic field (flux tube size).

liar] y invest igat ions of the global variations of the plasma properties bascct on
raclio  occultation  mcasurcmcnts  have concentrated on the dcpcndcncc  on hcliocmtric
distance, latitude, and solar cycle [5-- I 1]. Starling  wi[h tl]c striking organi~ation  of
small-scale ctcnsity  fluctuations first note.d in IIopp]cr  scintillation mcasurcmcnts
[22], steady pro{~rcss has been maclc  in understanding the morphology of the corona,
and its relationship to rcsu]ts from white-lif,ht coronagraphs  [ 16] and direct spacecraft
mcasurcmcnts bc.yond 0.3 AU [23). Strongly organiy.c.d by the large-scale solar
magnetic field (ldiosphcric  current sheet or coronal streamers in white-]ight images),
typical profiles of N, AN and v inside 30 1<s arc dcpictcd schematically in ltig. 2
relative to coronal streamers as seen fi~cc on and looking down on the ecliptic plane.
‘1’hc corresponding hc]iosphcric  cmcnt sheet is hcncc transverse to the ecliptic plane,
and the profiles rcprcscnt  variation with sc)lar longituclc. ‘l-his  geometry has been
chosen for convcnicncc  of i]lustrat ion, but the profi lcs apply in general to a plane
ttlat  is transverse to the hcliosphcric  cumnt  sheet as foun(i  in tl]c case of white-light
mcasurcmcnts  of the inner corona [14]. l)ath-integrated electron clcnsity N rcprcscnts
the large-scale structure; fluctuations in path-integrated density AN reflect small-
sc:ilc structures when the sampling rates arc high, e.g., small-scale structures with
siz,cs  of 2G240 km for 3-n~in  Dopp]cr  scintillation [ 14]; AN/N is fractional path-
intcgratcc] ctcnsity  fluctuations; v is solar wind velocity.

‘1’hc profile of N near the Sun is silni]ar to that observe.d by white-light
mcasurcmcnts of polarization brightness (also measuring path-integrated density)
at 4 1<S [24], indicating that the large-scale structur’c  of the hcliosphcric  current
sheet changes lit{lc  as it extends into interplanetary space near the Sun. l’hc angular
thickness (full width at half maximum) of the hcliosphcric  current sheet is about
20°, and the drop in N across the hcliosphcl-ic current sheet from its peak is a factor
of 2-4.

1 lighcr spatial molution of N is achicvcd  by increasing the sampling rate of the
ranging or I)oppler mcasurcmcnts  [16]. When this is done, the profile of N dots not
change significantly bccausc AN is only a small pcrccntagc (several %) of N.
1 lowcvcr,  whcrl  the background large-scale. structure is rclnovcd,  the profile of the
smal]-scale structures AN is more dramatic than that of N. ‘1’hc masking of sn~all-
scalc structures also occurs in white-light images where they arc rcvcalccl  only if the
images arc proccsscd  to cnhancc  density F,l adicnts [ 19,24]. Whereas the angular
thickness of the hc]iosplmic current sheet ill terms of N is about 20°, it is only a fcw
dcgrccs  for AN, bccausc  the small-scale structure.s arc confined to narrow regions
comprising the stalks (extensions, tips) of the. coronal streamers. Not only arc the
smal]-scale structures more striking bccausc  they occupy slnal]cr regions, but also
bccausc the rise in AN is much higher than that in N - an order of magnitude or
more in the case of AN vs a Pactor of 2.-4 in the case of N. Only onc cnhanccmcnt  in
AN is shown in 1 :ig. 2, but sometimes more than onc is observed, which may rcprcscnt
multip]c  current sheets [25]. Rcccnt s[uclics based on density spectra also show that
the finest filamentary structures arc a factor of three smaller within the extensions of
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Pigurc ?. Schematic of profile.s of path-integrated density N, fluctuations of path-intcgratcxl  dc.nsity
AN, fractional path-in[cgratcd density fluctuations AN/N, and solar wind vclocily v. I’hc two coronal
strcamms arc ol)scrvc.d  face-on looking down on the ecliptic plane. 10 this view tllc hcliosphcric
con cat shcc( is normal to the plane of the figure. l’hc prc)lilcs apply to (hc stalks or extensions of
coronal .mcalncrs o[mc.rvccl in white-ligld pictom bcyoncl sc.vcral solar radii. Several plumes arc
also shown in the fast wind far from the hcliosphcric  current sheet and bctwccn  the two s(rcamcrs.



coronal slrcamcrs than in corona] holes [26]. Although AN has ofbm been assumed
to bc proportional to N and hmcc a measure of N [27- 28], simultaneous scintillation
and ranging mcasurcmcnts  have shown that N is not constant, but varies similarly as
AN across the streamer [14,29]. l~or this rc.ason,  the profiles of AN ancl AN/N arc
shown as onc in l;ig. 2.

Ranging mcasurcmcnts of large-scale density structure show that plumes arc
not cxclusivc to polar coronal holes, but appear in all regions away from the
hcliosphcric current sheet, including those at low latitwlc  [30]. Moreover, these
plumes extend far into interplanetary space, having been dctcctcd in ranging
mcasurcmcnts  al lcas( as faras401-?S. A fcw plumes, which typically exhibit a pcak-
tmpcak variation in N of about +1 O% arc dcpictcd  bctwccn  the streamers in I;ig 2.

Multiple-station intensity scintillation lncasurcmcnts  (IPS) complement path-
intcgratcd mcasurcmcnts  of (tcnsit  y N by providing cst imatcs of solar wind vclocit  y v.
I lowcvcr, there arc some major diffcre.nces between the mcasurcmcnts  of N and v.
With ranging and Doppler mcasurcmcnts,  N is observed directly (without inversion).
Moreover, both white-light images of patll-integrated density and angular broadening
mcasurcmcnts  confi m that spatial stmct urcs arc indeed obscrvccl  in the ranging and
Doppler mcasurcmcnts of N [15, 16]. In contrast, v is not an observable of path-
intcgratcd  velocity, but is instead an estimate of velocity inferred from 11’S
mcasurcmcnts and dcpcndcnt on solar wind models [31]. While  absolute velocity
estimates arc more sensitive to modeling, the relative changes are lCSS so. “1’hc
temporal resolution of 11’S mcasurcmnts is limited by the n~inimum observation
time nccdcd to obtain accurate cst imatcs of velocity, leading to a spatial rcsolut  ion
for the structured corona that is generally significantly marscr  than that of ranging
or Doppler measurements. in spite of these shollcon~ings,  velocity estimates deduced
from 11’S mcasurcmcnts  inside 12 Rs using the VI .A in 1983 [32] show that the wind
appears relatively steady over coronal holes, but exhibits large gradients over the
streamer belt [33], similar in character to the velocities observed by Ulysses much
farther out [34]. “1’here is growing cvidcncc.  that the sources of the slow solar wind
arc more localized nearer the Sun [12,35], and that they coincide with the stalks or
extensions of the coronal streamers where cnhanccd AN is observed. Velocity profiles
rcftccting these rcsu]ts arc shown in 1 Jig. 2. Although no variation is shown across
tlw plumes, velocity estimates dcduccd  from the 1983 V1 .A mcasurcmcnts  [32] and
covering an angular extent of of 4.4° over a low-latitude coronal }101c hints at a
systematic variation of ~ 10% (SCC Fig. 2 of [33]) that may rcprcscnt  the spatial
variation across a coronal plume. If conservation of mass flux holds, then the 3.1070
variations of velocity and density would bc allti-correlated.

l~inal]y,  another significant result based on 11’S estimates of velocity, which has
an impact on the. p]annc.d plasma mcasurcmcnts  of Solar Probe, is the rcccnt finding
that the acceleration of the polar wind may bc complctc  by 101<s [31,36].



IM1’I.ICATIONS  NOR SO1.AR l)l<O1]l;

Rcsul(s  from radio occultation mcasurcmcnts  indicate that the range and cxtcmt
of structures in the region of the solar wind that will bc observed by Solar l’robe is
cxtcnsivc. ‘1’hc flow of plasma is ~uidcd  by these ubiquitous radially expanding
structures that arc aligned along the. solar l~~agnctic  field and rotate with the Sun.
“1’hcsc rcsu]ls show that there is a C1OSC conlmc[ion  bctwccn  the Sun and the ncar-
Sun solar wind, and rcinforcc  the importance of conducting both solar imaging and
interplanetary mcasurcmcnts  with Solar Probe in order to better understand the nature
of the connection, ‘1’hc uncertainties in distin~,uishing  spatial ancl temporal variations
with i~~ situ plasma mcasurcmcnts  [37-39], ancl the indisJJcnsablc  role of spatial
mcasurcmcnts provided by angular broadcni  J~g mcasurmcnts in confirming the
detection of the finest filamentary shwcturcs  in phase scintillation mcasurcmcnts,
underscore the urgency for imaging the corona when in sifu mcasurcmcnts  arc made
by Solar Probe.

Doppler scintillation mcasurcmcnts  have given us a first look at small-scale
structures that may play a role in the heating and acceleration of the solar wind
[ 18,40,41]. The density fluctuations across the stalks of coronal streamers –- the
apparent sources of the slow solar wind -- arc strikingly higher than those in the fast
wind from corona] ho]cs. “1’hc low tclc.melry  rates of the Solar l’robe mission will
scvcrc]y restrict the sampling  rates of the plasma mcasurcmcnts,  and it useful to
examine the impact of these limitations.

Shown in l;ig. 3 is tlIc trajc.ctory of SolaI  l’robe se.cn from l;arll) and broken into
three segments designated: (1) early prime mission, (2) critical zone 1, and
(3) critical zone. 3 [36]. q’hc angular si~,c  of the 1 km filamentary structures is
0.3 arcscc, and that of plumes and stalks is 2“. l~or a sampling rate of 100s (currently
assumed for the Minimum Solar Minimum mission [36]), the corresponding spatial
rcso]utions  for the early prime mission, critical zone ], and critical z,onc 3 segments
is 0,07°, 0.23°, and 0.64°, rcspcctivcly. ‘1’hcsc resolutions may not bc adequate for
charactcri~,ing the plumes, and arc ccrt ainl  y i nadcquatc  for characterizing the sn~all-
scalc structures. The resolution in critical Y.onc 2 is cspccial]y  poor for observing
the stalks of coronal streamers. “1’hc stalks arc interesting not only bccausc they arc
tbc aJ~parcnt sources of tbc slow solar’ wind, but also bccausc  tbc abrupt cbangc in
the smal]-scale density structures indicates that there arc probably significant changes
in other plasma propcrlics  as wc.11.

The sampling rates ncccssary  to measure tllc finest filamentary structures of
0.3 arcscc in the early prime mission, critical 7onc 1, and critical zone 2 segments
would bc 9, 28, 77 samples pci sc.cond, rcspcctivcly. F,vcn higllcr rates would bc
ncccssary to charactcrizfc  the tulbulcncc within thcm. Such sampling rates arc
obvious] y too high for the mission’s in situ mcasurcmcnts, but not for phase/lJopplcr
mcasurcmcnts of path-intcglatccl  density [14,16] bctwccn  liarth  and Solar Probe
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using the Solar Probe radio link. The Solar Probe co~~lt~~tll~icatioI~s  link will, thcrcforc,
also serve as a scientific tool for probing tllc solar winci, conlplcmcnting  the in situ
measurements by providing measure.mcnts of the small-scale structures,

‘1’hc same radio scintillation phcmmcnoli,  whose obscrvat ion has mactc it possible
10 rmotely  scJm small-scale coronal structure.s and co~wcctcd  turbulence, clcgraclcs
and limits the tclcmctry  rate of the Solar l’robe. collllll~ll~icatior~s  link [42]. Knowing
that the level of scintillation varies in a more. systematic (high near the hcliospheric
curlcllt  sheet and low away from the curl cllt Sheet) rather than random way, as
previously thought, leads to 10WCJ unccr(ain[ics  in the scintillation models used in
the design of the col~~l~l~ll~icatiol~s  link, and ]nay make if possible to raise telemetry
rates. 1 lowcvcr, while higher tclcmc(ry rates coulcl  result when probing the high
]a[iludc solar wind away from the }Ic]iosphc.ric current sheet (early prime mission),
tllc C1OSCS[ approach distance of d RS occurs at low latitude  (critical zollc 2), where
the scintillation level woulcl not only bc llighcst,  but where high tclcmctry  rates
would bc most needed in order to sample tl]c solar wind plasma fast enough to
detect the coronal streamer stalks.

CONCI.1JS1ONS

As a remote. sensing tool, the potc.n[ial  of raclio  occultation nlcasurcmcnts  fol
defining the glcbal morphology of the corona that Solar Probe will cncountcr is
finally being rcalixd  and benefits arc bcinp,  Icapcd.  An imporlant  step in this dcvcl-
opmcnt  has bccm the clc.monstration  of tllc rcla[ionshiJ~  bc.t wc.c.n solar wind and solar
corona mcasurcmcnts of path-i  ntcglatc,d  dcl]sity.  1 lcspite  the C1OSC association, the
col)ncction  was not understood until now, apparently bccausc  of disparity in resolu-
tion and viewing geometry. While  spatial and temporal resolution arc both limited
in white-light coronagraph mcasurcmcnts,  tllcy arc usually much higher in radio
measurements of path-integrated dcnsit y [16,4 3]; white-light views latit udinal  varia-
tion best, while the radio mcasurcmcnts  probes mainly longitudinal variation, and
cvcJ~ this is generally masked by the dolninallt  radial variation [43].

Radio occultation measurements show tl]at  the dynamic solar wind is highly
structured and closely conncctcd  to the SUII. Small-scale structures arc ubiquitous,
and plumes moJc  pc.rvasivc than previously tl)ought. Small-scale structures, which
may play a role in heating and acceleration of the solar wind, exhibit strong and
abruJJt change across the. stalks or extensions of coronal strcamrs.  I’hc finest fila-
mentary structure could only be ~lllal~ll~igllc)~lsly  identified with spatial nlcasurc-
mcnts.  ‘i’hesc ncw results  underscore the siSIlificancc  of imaging the Source on the
SUI] of the solar wind directly observe.d by Solar l’robe, as well as the solar corona
along the trajectory of Solar l’robe in order to provide context fol the in situ n~ca-
surclncnts.  Sampling  rates and observing stl’atcgy that ine]udcs  oil-board process-
ing arc imporlant  factors to consider if tllc role of the structures in hc.sting and
acceleration of the solar wind ancl the soum of the slow solar wind arc to bc unctcr-
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